Galactokinase plays a key role in normal galactose metabolism by catalyzing the ATP-dependent phosphorylation of ␣-D-galactose to galactose 1-phosphate. In humans, mutations in the galactokinase gene can lead to the diseased state referred to as Type II galactosemia. Here we describe the three-dimensional structure of galactokinase from Lactococcus lactis determined to 2.1-Å resolution. As expected from amino acid sequence alignments, galactokinase adopts a similar topology to that observed for members of the GHMP superfamily. The N-terminal domain is characterized by a five-stranded mixed ␤-sheet while the C-terminal motif is dominated by two distinct four-stranded anti-parallel ␤-sheets. is positioned within 3.5 Å of the C-1 hydroxyl group of galactose, whereas the guanidinium group of Arg 36 is situated between both the C-1 hydroxyl group and the inorganic phosphate. Most likely these residues play key roles in catalysis. The structure of galactokinase described here serves as a model for understanding the functional consequences of point mutations known to result in Type II galactosemia in humans.
In most organisms, the conversion of galactose to glucose 1-phosphate is accomplished by a series of enzymes belonging to the Leloir pathway as indicated in Scheme 1. Deficiencies in three of these enzymes in humans can result in the diseased state referred to as galactosemia (1, 2) . Although galactosemia is rare, it is a potentially lethal genetic disease with clinical manifestations, including intellectual retardation, liver dysfunction, and cataract formation, among others. At present, the high resolution x-ray crystallographic structures of three of the four enzymes in the pathway, namely galactose mutarotase, galactose-1-phosphate uridylyltransferase, and UDP-galactose 4-epimerase, are known through efforts by this laboratory (3) (4) (5) (6) (7) (8) (9) . The remaining enzyme of unknown structure, galactokinase, catalyzes the second step of the pathway, the ATP-dependent conversion of ␣-D-galactose to galactose 1-phosphate.
As has been the case for all of the enzymes belonging to the Leloir pathway, galactokinase has been the subject of intensive biochemical investigations for many years. Interestingly, the kinetic properties of galactokinase seem to differ according to the source of the protein. In the enzyme isolated from Escherichia coli, it appears that the reaction mechanism is random with either ATP or galactose binding first (10) . In the rat, yeast, and human enzymes, however, it appears that the reaction mechanism is ordered with ATP binding first (11) (12) (13) (14) . Strikingly, in plant galactokinases, the reaction mechanism is reported to be ordered but with galactose rather than ATP binding in the first step (15) .
In recent years it has been shown on the basis of amino acid sequence alignments that galactokinase belongs to a unique class of ATP-dependent enzymes known as the GHMP 1 superfamily (the abbreviation of which refers to the original members: galactokinase, homoserine kinase, mevalonate kinase, and phosphomevalonate kinase) (16) . Enzymes belonging to this superfamily contain three well-conserved motifs, the second of which has the typical sequence Pro-X-X-X-Gly-Leu-XSer-Ser-Ala and is involved in ATP binding (17) . Within the last three years, the three-dimensional architectures of homoserine kinase, mevalonate kinase, and phosphomevalonate kinase have been elucidated (17) (18) (19) (20) (21) . Homoserine kinase plays a critical role in bacterial threonine biosynthesis by catalyzing the phosphorylation of L-homoserine to O-phospho-L-homoserine. Mevalonate kinase catalyzes the phosphorylation of the C-5 hydroxyl oxygen of mevalonic acid to yield mevalonate 5-phosphate, a key intermediate employed for the synthesis of isoprenoids and sterols. Likewise, phosphomevalonate kinase is involved in isoprenoid biosynthesis by promoting the transfer of the ␥-phosphoryl group of ATP to the phosphate oxygen of (R)-5-phosphomevalonate to yield (R)-5-pyrophosphomevalonate. All of these enzymes display a distinctly bilobal appearance with their N-terminal motifs dominated by a mixed ␤-sheet flanked on one side by ␣-helices and their C-terminal domains containing a four stranded anti-parallel ␤-sheet.
Here we describe the x-ray crystallographic structure of galactokinase determined to a nominal resolution of 2.1 Å. For this study, the gene encoding the enzyme from Lactococcus lactis was cloned, the protein was overexpressed and purified from E. coli, and crystals were grown in the presence of ␣-Dgalactose and inorganic phosphate. The enzyme from L. lactis contains 399 amino acid residues. From this investigation, the . The structure of the enzyme is discussed in context with other members of the GHMP superfamily. Additionally, the bacterial and human forms of galactokinase are 34% identical and 47% similar. As such, this structure provides insight into the molecular basis for Type II galactosemia in humans.
EXPERIMENTAL PROCEDURES
Cloning of the Galactokinase Gene-Genomic DNA from L. lactis var. lactis was prepared as previously reported (3). The galactokinase gene was PCR-amplified from genomic DNA such that the forward primer 5Ј-GGAATTCATATGTCTATAGTTGTAGAAAATAGTACCGTA-3Ј and the reverse primer 5Ј-CCGCTCGAGTTATTCACCATCCAACTTT-GTTGAACCAGA-3Ј added NdeI and XhoI cloning sites, respectively. The gene was PCR-amplified with Platinum Pfx DNA polymerase (Invitrogen) according to the manufacturer's instructions and standard cycling conditions. The PCR product was purified with the QIAquick PCR Purification kit (Qiagen), followed by A-tailing and ligation into pGEM-T Vector (Promega) and transformation into E. coli DH5␣ cells. The galactokinase gene was subsequently sequenced in the pGEM-T vector construct with the ABI Prism TM Big Dye Primer Cycle Sequencing kit (Applied Biosystems, Inc.) to confirm that no mutations were introduced during PCR amplification. The pGEM-T vector construct was then digested with NdeI and XhoI, and the gene was separated from digestion by-products on a 1.0% agarose gel. Subsequently, the galactokinase gene was excised from the gel, purified with a QIAquick Gel Purification kit (Qiagen), and ligated into the expression vector pET-28b(ϩ) (Novagen) that was previously cut with NdeI and XhoI. Insertion of the galactokinase gene into the pET-28b(ϩ) plasmid resulted in a construct containing an additional 20 amino acid residues at the N terminus with the sequence MGSSHHHHHHSSGLVPRGSH, thereby allowing for subsequent purification utilizing Ni-NTA affinity resin. E. coli DH5␣ cells were transformed with the ligation mixture and subsequently plated onto LB media supplemented with 30 g/ml kanamycin. Individual colonies were selected and cultured overnight, and plasmid DNA was extracted with the QIAprep Spin Miniprep kit (Qiagen). Plasmids were tested for insertion of the galactokinase gene by digesting with NdeI and XhoI.
Protein Expression-For protein expression, E. coli Rosetta(DE3) (Novagen) cells were transformed with the pET28b-galk plasmid and plated onto LB agarose plates supplemented with 30 g/ml kanamycin and 30 g/ml chloramphenicol. Single colonies from the plates were selected and grown overnight in 500 ml of LB media (plus kanamycin and chloramphenicol) for the inoculation of 12-ϫ 2-liter baffled flasks containing 500 ml of M9 minimal medium (30 g/ml kanamycin and 30 g/ml chloramphenicol, plus antibiotics). Cells were grown at 37°C with aeration to an A 600 of ϳ0.9, at which time they were cooled on ice for 5 min and transferred to a 16°C shaker before inducing with 1 mM isopropyl-1-thio-␤-D-galactopyranoside. The cells were allowed to grow for an additional 18 h before harvesting by centrifugation at 6000 ϫ g for 8 min. Cell paste was frozen in liquid nitrogen and stored at Ϫ80°C.
Expression of the Selenomethionine-labeled Protein-Cultures of E. coli Rosetta(DE3) cells containing the pET28b-galk plasmid were grown overnight in M9 minimal medium (plus kanamycin and chloramphenicol) at 37°C. Subsequently 15 ml of the overnight culture was used to inoculate each of the 12-ϫ 2-liter baffled flasks containing 500 ml of M9 minimal medium supplemented with 5 g/ml thiamine, 30 g/ml kanamycin, and 30 g/ml chloramphenicol. Cultures were grown at 37°C to an A 600 of ϳ0.9. Subsequently, the flasks were cooled on ice for 5 min, and the temperature of the incubator was adjusted to 16°C before each flask was supplemented with 50 mg each of L-lysine, Lthreonine, and L-phenylalanine, and 25 mgs each of L-leucine, L-isoleucine, L-valine, and L-selenomethionine (22) . After 20 min of additional growth, the cells were induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside and allowed to grow for 18 h. Cultures were harvested by centrifugation at 6000 ϫ g for 8 min, and the cell paste was frozen in liquid nitrogen for storage at Ϫ80°C.
Protein Purification-All protein purification steps were carried out on ice or at 4°C. The cell paste was thawed in three volumes of cold Ni-NTA lysis buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl, and 10 mM imidazole at pH 8.0. Cells were lysed on ice by four cycles of sonication (45 s) separated by 5 min of cooling. Cellular debris was removed by centrifugation at 4°C for 25 min at 20,000 ϫ g. The clarified lysate was loaded onto a 10-ml Ni-NTA-agarose (Qiagen) column preequilibrated with Ni-NTA lysis buffer. After loading, the column was washed with ϳ100 ml of Ni-NTA lysis buffer, followed by a wash with 100 ml of Ni-NTA wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, and 20 mM imidazole at pH 8.0). The protein was recovered by gradient elution with 20 -300 mM imidazole in Ni-NTA lysis buffer. Protein-containing fractions were pooled based on SDS-PAGE and dialyzed against 10 mM Hepes (pH 7.5) containing 200 mM NaCl. The dialyzed protein was concentrated to ϳ15 mg/ml, based on an extinction coefficient of ϳ1.75 ml/(mg cm) as calculated by the program Protean (DNAstar, Inc., Madison, WI). Galactose-dependent ATPase activity was verified using the standard pyruvate kinase/lactate dehydrogenase-coupled assay.
Crystallization of Wild-type and Selenomethionine-labeled Galactokinase-Potential crystallization conditions were examined with a sparse matrix screen, designed in this laboratory and composed of 144 conditions. Crystallization trials were conducted at both room temperature and 4°C via the hanging drop method of vapor diffusion. Protein samples containing 10 mM D-(ϩ)-galactose were utilized for the crystallization experiments. Single crystals were observed growing at room temperature at pH 9 with 2.4 M Na ϩ /K ϩ phosphate as the precipitant. Refinement of the crystallization conditions via macro-seeding into batch experiments resulted in crystals being routinely grown at room temperature with precipitant concentrations of 1.6 -1.8 M Na ϩ /K ϩ phosphate and 100 mM CHES (pH 9.0). These crystals achieved typical dimensions of ϳ0.6 ϫ 0.6 ϫ 0.6 mm in 3-6 weeks and belonged to the cubic space group I23 with unit cell dimensions of a ϭ b ϭ c ϭ 143.4 Å and one molecule per asymmetric unit. Crystals of the selenomethionine-labeled protein were grown in the same manner, using seeds of the native enzyme to initiate crystallization.
High Resolution x-ray Data Collection-Both the wild-type and selenomethionine-substituted protein crystals were flash-frozen in the same manner. Briefly, crystals were harvested from the batch experiments and soaked for several hours in a synthetic mother liquor composed of 2.15 M Na ϩ /K ϩ phosphate, 10 mM D-(ϩ)-galactose, and 100 mM CHES (pH 9.0). These crystals were then serially transferred to a cryoprotectant solution composed of 3.0 M Na ϩ /K ϩ phosphate, 10 mM D-(ϩ)-galactose, 15% ethylene glycol, and 100 mM CHES (pH 9.0). Subsequently, the crystals were flash-cooled to Ϫ150°C in a stream of nitrogen gas. Frozen crystals were stored under liquid nitrogen until synchrotron beam time became available. X-ray data from crystals of the selenomethionine-substituted protein were collected on the SBC3 CCD detector at the Structural Biology Center 19-BM beamline. X-ray data from crystals of the wild-type protein were collected with the SBC2 CCD detector on the19-ID beamline (Advanced Photon Source, Argonne National Laboratory, Argonne, IL). All x-ray data sets were processed with HKL2000 and scaled with SCALEPACK (23) . Relevant x-ray data collection statistics are presented in Table I . X-ray Structural Analyses-The structure of galactokinase was solved via multiple wavelength anomalous dispersion phasing with x-ray data collected from crystals of the selenomethionine-substituted protein. The software package SOLVE was utilized to determine and refine the positions of six selenium atoms (24) . Solvent flattening with the software package DM resulted in an interpretable electron density map calculated to 2.6-Å resolution (25) . This initial electron density map allowed for the tracing of residues Thr 9 to Ala 396 . The remaining three residues at the C terminus were not visible. Note that the electron density corresponding to the first 28 residues at the N terminus was not as well ordered as that observed for other portions of the map. Additionally, the His tag at the N terminus was not visible in the electron density map, and it is possible that this tag contributed to the observed conformational flexibility of the molecule in this region.
The initial model of galactokinase was subsequently refined against x-ray data collected from crystals of the wild-type protein. Alternate cycles of least-squares refinement with the software package TNT (26) SCHEME 1 and manual model-building with the graphics program TURBO (27) reduced the R-factor to 20.4% for all measured x-ray data from 20-to 2.1-Å resolution. Relevant least-squares refinement statistics are summarized in Table II . A Ramachandran plot for all non-glycinyl , angles is given in Fig. 1a . There are only two residues that lie substantially outside of the allowed region of the Ramachandran plot, Arg 213 ( ϭ 69.4°, ϭ Ϫ126.5°) and Thr 323 ( ϭ Ϫ90.3°, ϭ Ϫ94.0°). The electron density for both of these residues is unambiguous. Both Arg 213 and Thr 323 are far removed from the active site cleft. A representative portion of the electron density map is displayed in Fig. 1b . From the electron density it is clear that ␣-D-galactose was trapped in the active site.
RESULTS AND DISCUSSION
Structure of Galactokinase-The quaternary structures of the galactokinases obtained from E. coli, yeast, and human are monomeric, whereas that isolated from Vicia faba seeds is dimeric (14, 15, 28, 29) . Examination of the packing arrangement of the L. lactis enzyme in the crystalline lattice suggests that it is also monomeric. Shown in Fig. 2 . This residue is part of the conserved Motif II of the GHMP superfamily which, for the galactokinases, has the typical sequence Pro-X-X-X-Gly-Leu-XSer-X-X (31 ) that connects ␤-strand E to the third ␣-helix of the N-terminal domain (Fig. 2) .
Quite strikingly, the 1-hydroxyl group of galactose, which is phosphorylated during the reaction, is positioned within ϳ3. 41 and these residues form ␤-strand A (Fig. 2) . Based on the observed geometry within the active site and the fact that these residues are strictly conserved, it can be speculated that Asp 183 and Arg 36 play key roles in catalysis.
Comparison with Another Member of the GHMP Kinase Superfamily-As expected from amino acid sequence analyses, the overall topology of galactokinase is similar to that observed for homoserine kinase, mevalonate kinase, and phosphomevalonate kinase. A superposition of galactokinase onto homoserine kinase (complexed with AMPPNP and homoserine) is displayed in Fig. 4a . These two enzymes superimpose with a root mean square deviation of 2.4 Å for 259 structurally equivalent ␣-carbon positions. Homoserine kinase from Methano- coccus jannaschii contains 300 amino acids compared to the L. lactis galactokinase with 399 residues. In galactokinase, the first 26 residues fold into an ␣-helical region and a short loop connecting to the first ␤-strand. This structural motif is missing in homoserine kinase. As such the two proteins begin to align at Glu 27 in galactokinase and Met 5 in homoserine kinase. Excluding this difference in the N-terminal regions, there are basically six areas where the polypeptide chains differ considerably between these two proteins. The first difference occurs at Asn 38 in galactokinase where there is a five-residue insertion, relative to homoserine kinase. This region connects ␤-strands A and B. The next difference occurs in galactokinase beginning at Asn 78 where there is a 14-residue insertion relative to that observed in homoserine kinase. This region lies between ␤-strands C and D (Fig. 4a) . The third region where the polypeptide chains diverge occurs near the end of the Nterminal domain beginning at Phe 189 in galactokinase and Phe 147 in homoserine kinase. Although there is only a fourresidue insertion in galactokinase, the polypeptide chains adopt quite different conformations in these two GHMP family members. A three-residue deletion occurs in galactokinase, relative to homoserine kinase, beginning at Cys 200 . This portion of the polypeptide chain connects ␤-strands F and G. The largest insertion in galactose kinase, relative to homoserine kinase, occurs at Asn 234 and contains 38 extra residues. Due to this insertion, there is an additional ␣-helix in galactokinase formed by Asn 261 to Ala 266 . Finally, there is a six-residue insertion in galactokinase near the C terminus beginning at Tyr 374 . The polypeptide chain in this region provides the connection from the last ␤-strand to the last ␣-helix of the enzyme.
The inorganic phosphate observed in the galactokinase structure occupies a similar position to that of the ␥-phosphate of AMPPNP in homoserine kinase. The hydroxyl groups that are phosphorylated by homoserine kinase and galactokinase occupy similar positions within the active site as well. Additionally, the distance between the hydroxyl group of homoserine and the ␥-phosphorus of AMPPNP is 3.4 Å. This separation is comparable to the distance of 3.5 Å observed in galactokinase between the C-1 hydroxyl group of the ligand and the inorganic phosphate. It can thus be speculated that in galactokinase the ␥-phosphate of ATP would occupy a similar position to that observed for the inorganic phosphate, and indeed, the C-1 hydroxyl group of galactose is in the proper position for a single in-line displacement reaction.
Implications for Galactosemia-Impairment of three of the enzymes participating in the Leloir pathway results in the diseased state, galactosemia (2, 30) . Although relatively rare, this autosomal recessive disease can be life-threatening by causing high levels of galactose in the body thereby leading to such clinical manifestations as jaundice, liver enlargement, cataracts, and brain damage, among others. There are three types of galactosemia classified thus far, namely Types I, II, and III. The most common and severe form is galactosemia I or classic galactosemia, which results from impairment of the galactose-1-phosphate uridylyltransferase in the Leloir pathway (Scheme 1). At least 30 different known mutations have been identified thus far for galactosemia I with symptoms, including liver and renal dysfunction, cataracts, and abnormal neurological development. Type II galactosemia results from galactokinase deficiency and is considered relatively benign. Patients with galactosemia II do not generally suffer from liver damage or neurological defects and, if treated with galactosefree diets, will not develop cataracts. Galactosemia III, resulting from impairment of the enzyme UDP-galactose 4-epimerase, is the most rare form of the disease. Mutations in the epimerase gene can lead to either a benign form of the disease where no treatment is required or a severe form with symptoms similar to those of galactosemia I, including seizures.
Recently ten mutations known to cause Type II galactosemia in humans were constructed, expressed, and characterized in E. coli (14) . These included P28T, V32M, G36R, T288M, A384P, H44Y, R68C, G346S, G349S, and A198V. On the basis of amino acid sequence alignments, the equivalent positions in the L. lactis galactokinase are at 26, 30, 35, 300, 390, 43, 67, 348, 351, and 195, respectively. Since the bacterial and human forms of galactokinase are 34% identical with respect to amino acid sequence, it is possible to speculate, with caution, as to where these residues might be located on the human enzyme. As can be seen in Fig. 4b , the ten human galactosemic mutations, mapped onto the L. lactis enzyme model, fall into three categories: three that are centered in the N-terminal region, four that are located directly within the active site region, and three that reside in the C-terminal domain. Of the ten mutations identified in patients with Type II galactosemia, the P28T, V32M, G36R, T288M, and A384P mutant proteins (which correspond to positions 26, 30, 35, 300, and 390 in Fig.  4b) were not soluble in the E. coli expression systems employed for the investigation thus suggesting that these proteins were improperly folded in vivo (14) . Four of the other mutant proteins studied, H44Y, R68C, G346S, and G349S (corresponding to positions 43, 67, 348, and 351 in Fig. 4b) . In the H44Y mutant protein, the k cat is reduced to 2.0 s Ϫ1 (14) . These changes in the kinetic parameters are most likely due to structural perturbations in the active site due to the replacement of the side chain imidazole group with a more bulky aromatic moiety.
For the R68C mutant protein, the reported K m ,gal and K m ,ATP values are 430 and 110 M, respectively, and the k cat is 3.9 s Ϫ1 . On the basis of the L. lactis enzyme model, this residue is located at ϳ31 Å from the active site suggesting that the observed kinetic effects are due to changes in the overall structure of the enzyme and not to a direct protein/substrate interactions. Both the G346S and G349S mutant human galactokinases display altered kinetic properties as well (14) . The structurally homologous residues in the bacterial enzyme, Ala 348 and Gly
351
, form part of Motif III. Interestingly, the A198V mutation in the human enzyme demonstrates kinetic properties similar to the wild-type enzyme. In the L. lactis enzyme, the equivalent residue, Ala
195
, is located at ϳ17 Å from the active site. In conclusion, the structure of galactokinase from L. lactis has now been determined to 2.1-Å resolution. The polypeptide chain folds into two domains of approximately equal size, and the overall topology is virtually identical to that observed for members of the GHMP superfamily. Key 183 are strictly conserved in the galactokinase amino acid sequences examined to date. On the basis of the observed binding positions for both the galactose and inorganic phosphate ligands, it can be speculated that Asp 183 serves as the catalytic base to deprotonate the 1-hydroxyl group of the sugar substrate and that Arg 36 aids in the reaction mechanism by lowering the pK a of the 1-hydroxyl group. Experiments designed to further investigate the role of these amino acid residues in the reaction mechanism of galactokinase are in progress.
